Recombinant baculoviruses obtained by coinfection ofinsect cells with Autographa californica and Bombyx mori nuclear polyhedrosis viruses (AcNPV and BmNPV, respectively) possess a wider in vitro host range than either parent virus. To localize the DNA sequences responsible for this species specificity, we used a two-step method of production and selection of recombinant viruses with altered specificity. 
specificity control was confirmed by cotransfecting AcNPV DNA and gel-purified polymerase chain reaction products derived from the BmNPV p143 gene. Replacement in the AcNPV genome of three AcNPV-specific amino acids by the three corresponding BmNPV-speciflc amino acids at positions 556, 564, and 577 of the p143 protein extends AcNPV host range to B. mon larvae.
Baculoviruses form a large group of double-stranded DNA viruses infectious to insects (1) . Host ranges of several baculoviruses have been documented and found to vary from one susceptible insect species to dozens of species belonging to various families (2) (3) (4) (5) (6) (7) . Among baculoviruses with the broadest host ranges, Bombyx mori nuclear polyhedrosis virus (BmNPV) (2) and Autographa californica (Ac)NPV (5) each infect more than 40 different species of Lepidoptera belonging to 11 families, and AcNPV additionally infects a coleopteran cell line (6) .
Homologous recombination of DNA sequences between similar baculovirus genotypes is a frequent event which occurs after coinfection or cotransfection of insect larvae and cell lines, under both experimental and natural conditions (8) (9) (10) (11) (12) (13) . Cotransfection of insect cells with entire baculovirus genomes and subgenomic DNA sequences is an efficient method for localization of temperature-sensitive mutations (14) , gene replacement in the baculoviruses expression vector system (15) , production of intraspecific recombinants (16) , and engineering baculoviruses for pest control (17, 18) . AcNPV and BmNPV are very closely related. The general
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nucleotide sequence similarity between the two viruses is about 70%, whereas homology between well conserved genes is over 90%. These two viruses are most likely host-range variants of the same virus. Coinfection of insect cells with AcNPV and BmNPV generates new recombinant viruses possessing wider host ranges than either parent (19) .
The molecular mechanisms governing baculovirus species specificity are very poorly understood. In lepidopteran cell lines that are semipermissive for AcNPV, a large part of the genetic control of specificity may reside in defective viruscell molecular interactions which impede full virus cycle development (20, 21) . Infection of AcNPV in Lymantria dispar cells is arrested by a general shutoff of viral and cellular protein synthesis (22, 23) . Although the precise step(s) of AcNPV virus cycle blockage in the semipermissive cells of both L. dispar and B. mori cells is unknown, it takes place after DNA replication (23, 24) . In the present study we surmised that the blockage of AcNPV replication in B. mori cells might be overcome by replacing replication-defective AcNPV sequences with replication-competent BmNPV sequences.
To identify replication-defective AcNPV sequences at the nucleotide level, we have devised a two-step method of production and selection of recombinant viruses with altered species specificity. In the first step, recombinants were produced by random homologous recombination between BmNPV restriction fragment(s) and genomic AcNPV DNA after cotransfection of permissive insect Sf9 cells. In the second step, AcNPV-BmNPV recombinant viruses capable of growing in Bm5 cells, which are nonpermissive for parental AcNPV, were recovered. Our first aim was to localize the minimal DNA sequence from the BmNPV genome necessary to replace homologous AcNPV sequences and yield a recombinant virus capable ofproductive infection in Bm5 cells. A 79-nt region was identified as the minimal sequence requirement. To (Beckman) . DNA was extracted with phenol after proteinase K digestion (15) .
Recombinant Plasmids and Restriction Map. AcNPV and BmNPV restriction fragments were cloned in pUC19 by standard methods (27) . To construct the BmNPV-SC7 restriction map, a series of labeled fragments were used to probe Southern blots of BmNPV-SC7 EcoRI, HindIII, Pst I, BamHI, Sac I, and Apa I digests and AcNPV EcoRI and Pst I digests after separation in agarose gels.
Construction of Recombinant Baculoviruses with Double Speciffcity. A two-step method was used to produce and select baculoviruses with double specificity. In the first step, AcNPV DNA was cotransfected with BmNPV DNA restriction fragment(s) in Sf9 cells by lipofection to produce a mixture of wild-type AcNPV and recombinant Ac-BmNPVs. Next, the budded viruses in the Sf9 cell supernatant were plaque purified on Bm5 cells to eliminate pure AcNPV and select Ac-BmNPV recombinants. Ac-BmNPVs were then checked for double specificity by passage on Sf9 cells. In a typical experiment AcNPV DNA (250 ng) and variable amount of plasmids DNA Sequencing. A 500-nt DNA sequence located within the coding region of the p143 gene of AcNPV was amplified by PCR from AcNPV-1.2, BmNPV-SC7, and Ac-BmNPV genomes by using primer A (5'-CACATTTTGGCGATGT-GTTAAGTTC-3') and primer B (5'-GGCTATTATTTTG-GCATACACTACA-3') (28). Viral DNA used as template was purified from 5 ml of supernatant from infected BmS cells. After a 35-cycle amplification (94°C for 1 min; 55°C for 1 min; 72°C for 45 sec), PCR products were ethanol precipitated (by addition of 100 ,l of 4 M ammonium acetate and 300 of ethanol per 100-,ul PCR mixture) at room temperature for 10 min, centrifuged at 10,000 x g for 30 min, and rinsed with 70%o ethanol. These DNAs were sequenced on both strands with fluorescent dye technology, using the Dye Deoxy Terminator method, on a 373 DNA sequencer (Applied Biosystems). and to analyze the restriction profiles of AcBmNPV recombinants, a detailed restriction map was constructed for the BmNPV Sma I-C area (Fig. 1) . A comparison of this map with the map deduced from the AcNPV EcoRIKpn I sequence at 58-63.1 m.u. (28) showed that the two regions were highly conserved. An insertion of 1 kbp containing one site each for Sty I and Dra III was observed in 'V BmNPV DNA (Fig. 1) . Sma I-C fragment were prepared and cotransfected with ve AcNPV DNA into Sf9 cells (Fig. 2) . Supematants obtained LO3 from these cotransfections were tested for infectivity in BmS cells by plaque assay (Fig. 2) . All BmNPV-SC7 sequences able to rescue AcNPV infectivity in BmS cells encompassed 430 bp delineated by TthlllI and Sac I restriction sites (Fig.  2) .
Comparison of BmNPV and AcNPV Sequences of the Sac I-TthlllI Fragment. AcNPV-1.2 and BmNPV-SC7 DNAs were amplified with primers A and B and the PCR products were sequenced (Fig. 3) . The AcNPV-1.2 Sac I-TthlllI sequence was identical to the sequence published by Lu and Carstens (28) . BmNPV-SC7 and AcNPV-1.2 sequences differ at 21 positions (Figs. 3 and 4A ). Variation in deduced amino acid sequences for the homologous regions ofthe two viruses occurs at 11 positions (Fig. 4C) .
Analysis of Ac-BmNPV Recombinants Infectious for Sf9 and Bm5 Cells and Identification of the Shortest Common BmNPV
Sequence. Two sets of plaque-purified recombinant AcBmNPVs infectious for BmS cells, obtained from cotransfection experiments with plasmids p89.1 and p87.1 (Fig. 2) , were examined for the presence of AcNPV-or BmNPVspecific bases in the TthlllI-Sac I overlap by sequencing PCR products amplified with primers A and B (Fig. 4B) . Twelve recombinants were analyzed from cotransfections involving p89.1; one exchange event had occurred between the HindIII and TthlllI sites (i.e., outside the amplified region) in all 12, while the second exchange had occurred within 12 bp (3 recombinants), 57 bp (8 recombinants), or 78 bp (1 recombinant) of the Sac I site inside the amplified region. Likewise, for 10 recombinants derived from cotransfections with p87.1, one exchange had occurred outside the amplified region (between the Sac I and Sph I sites) in all 10, while the second event had occurred at various positions up to 275 bp from the TthlllI site within the amplified region (Fig. 4B) .
Six BmNPV-specific bases (from thymine at position 275 to cytosine at position 353 inclusive; see Fig. 3 ) are present in all 22 of these recombinants and thus define the minimal BmNPV sequence required to enable AcNPV to replicate in BmS cells. The minimal sequence corresponds to an acquisition of four BmNPV-specific amino acids (Tyr, Leu, Asn, and Leu; Fig. 4B ) by the AcNPV p143 helicase.
Production of AcNPV Mutants Infectious for Sf9 and Bm5 Cells by Recombination with PCR-Amplified BmNPV Sequences. Recombinant viruses in the Sf9 cell supernatants, obtained by cotransfection of AcNPV DNA and PCR products (500 nt, primers A and B; 299 nt, primers A and C; 133 nt, primers D and E), were plaque purified on BmS cells. Twelve plaque-purified viruses (RllOl to R1112) obtained with the 500-nt PCR product were sequenced (Fig. 5 ). R1101 contained all 11 BmNPV-specific amino acids, whereas R1105 and R1110, for example, contained 7 BmNPV-specific amino acids. The 12 Rll recombinants possessed BmNPVspecific amino acids at positions 551, 556, 564, and 577.
Supernatants of Sf9 cells cotransfected with AcNPV DNA and either the 299-nt or 133-nt PCR products contained about 200 plaque-forming units per ml when tested on Bm5 cells. These supernatants were directly injected into B. mori larvae to recover recombinant viruses. The sequences of the viral DNAs extracted from the polyhedra of two dead larvae are presented in Fig. 5 . Six of the seven BmNPV-specific amino acids contained in the 299-nt sequence were present in the recombinant R1201 genome. One out of 10 larvae injected with Sf9 133-nt supematant also died from patent nuclear polyhedrosis with 0.5-to 1-,m polyhedra. The DNA extracted from the polyhedra encoded BmNPV-specific amino acids at positions 556, 564, and 577 and AcNPV-specific amino acids at the eight positions sequenced (Fig. 5) . No mortality was observed in the control lots in which TC100 medium or Sf9 cell supernatant from Sf9 cells infected with wild-type AcNPV was injected.
DISCUSSION
The results presented above on the modification of AcNPV specificity demonstrate that the localization of DNA sequences directly implicated in species specificity control can easily be made by a two-step cotransfection method (16) . The first step relies on a high level of recombination between genomes of the "foreign" virus and AcNPV during replication of AcNPV in Sf9. In the second step, recombinant viruses with altered specificity are selected directly in a new host, in this case Bm5 cells. A series of cotransfection experiments is then carried out to determine which foreign DNA sequences are required to modify the AcNPV genome so that it can productively infect the new host. In the present case, a simple replacement of 79 bases or less in the p143 gene, by homologous genetic recombination with BmNPV DNA, transforms AcNPV-1.2 to a variant able to infect BmS as well as Sf9 cells. In this short sequence AcNPV-1.2 and BmNPV-SC7 DNAs possess different nucleotides at six positions, and as a consequence four amino acid changes occur. To confirm that substitutions among nucleotides or amino acids at positions 551, 556, 564, and 577 of the AcNPV p143 gene are implicated in AcNPV host-range extension, we cotransfected Sf9 cells with AcNPV DNA and with BmNPV PCR products overlapping this area. Sequence analysis of 14 AcNPV mutants showed that substitution of species-specific amino acids occurred at expected positions. In vitro, the 34 recombinants analyzed possess BmNPV-specific amino acids in the 79-nt region. In vivo, one of two recombinants possess only three BmNPV-specific amino acids (position 556, 564, and 577). Thus, Leu-556, Asn-564, and Leu-577 appear to be involved in the host range extension to B. mori larvae. The individual role of each of the four amino acids in vivo and in vitro needs to be determined by site-directed mutagenesis. The method we used to visualize the recombination events leading to the replacement ofAcNPV sequence by BmNPV DNA in the p143 AcNPV gene is highly efficient.
The 79-nt sequence implicated in AcNPV species specificity comprises nucleotides 1651-1729 in the p143 gene (28) . We conclude that AcNPV specificity modification is due to replacement ofthese nucleotides and that p143 is a host-range gene. The AcNPV p143 allele allows multiplication of wildtype AcNPV in Sf9, whereas those allelic forms of p143 gene modified by recombination with homologous BmNPV sequences-represented, for example, by the 36 recombinant viruses studied here-allow the infection ofboth Sf9 and BmS cells. Allelic control by the baculovirus p143 gene is different from host-range control in vaccinia virus, where modification of specificity is obtained by deletion ofa host-range gene (30) .
The role of the AcNPV p143 gene is not well known (28, 31) . p143 is indispensable and belongs to the helicase superfamily (28, 32) . The present results suggest that AcNPV p143 is implicated in a function posterior to the action of the viral DNA polymerase, since the blockage of virus infection in Bm5 cells transfected with wild-type AcNPV DNA occurs after viral DNA synthesis (O.A., F. Odier, L.C., and G.C., unpublished data).
AcNPV host range is broad: half of the lepidopterous species tested so far have been found to be susceptible to AcNPV infection (3, 7) . We speculate that one or a few blockages of the AcNPV replication cycle occur at different points, which may be specific to the particular host, during infection in most nonsusceptible insect species or cell lines. One important barrier, for example, may be at the level of virus particle entry into cells; this step is not well understood, although a 64-kDa glycoprotein located in the envelope of the budded virus and a postulated glycoprotein receptor on insect cells might play a role in the specificity of entry in vitro and in vivo (33, 34) . On the other hand, AcNPV particles can penetrate noninsect cells, which apparently lack a specific receptor (35) . The AcNPV helicase gene could be one of many genes controlling species specificity during virus replication. When species not susceptible to AcNPV infection are permissive for other NPVs, the method we have applied here to AcNPV infectivity in BmS cells might be used to determine whether some identifiable and surmountable blockage of AcNPV replication occurs in these species.
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